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III. Statement of the problem studied 
 
The goal of the current  DARPA-ARO funded project is to design, fabricate, and test a 
tunable negative index metamaterial (TNIM) using ferrites as a constituent material in the 
frequency range of 36-44 GHz with a targeted center frequency of 40 GHz. During this 
one year program we have successfully accomplished tasks and further continued our 
effort in developing a prototype Q band tunable phase shifter and X band TNIM 
technology for microwave integrated circuits. This additional effort has lead to the 
development of microstrip TNIM and a phase shifter in a microstrip form working in X 
band. The Q band waveguide TNIM and X band microstrip TNIM phase shifters are the 
first device applications of the ferrite based TNIM. We have demonstrated excellent 
tunability of both the phase shifters by the application of external magnetic field. The 
dynamic bandwidth obtained is nearly 10% in both the Q and X band phase shifters. 
Measured transmission characterizes of the prototype phase shifters are promising, 
although the loss is high. The present results indicate we have made significant progress 
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in the development of TNIM at Q and X bands and exceeded the expectations of the 
current program.      
 
IV.  Summary of the most important results 
 
Q band Tunable Negative Index Metamaterial Design and Fabrication 
 
During the previous DARPA funded program (Phase I) we have demonstrated a tunable 
negative refractive index metamaterial (TNIM) in K band rectangular waveguide using 
Yttrium Iron Garnet (YIG) and periodic copper wires [1].  In these designs YIG slabs and 
periodic array of copper wires were positioned side by side on the transverse direction to 
the wave propagation. The constituent material parameters negative permeability was 
obtained from the YIG slabs by applying external bias field and negative permittivity was 
obtained from the plasmonic response of the periodic array of copper wires.[3]. The field 
tunable passband resulted from negative refractive index of the TNIM lead to several 
microwave applications of the TNIM [4]. 
 
Compared to our previous investigation of TNIMs in K band (18-26.5GHz), the 40GHz 
TNIM poses two major challenges. Firstly, the wavelength is much smaller which 
increases the difficulty in assembling small ferrite material slabs and copper wire 
elements. Besides, smaller wavelength also results in higher sensitivity to geometric 
parameters of the design. In our study, Q band rectangular waveguide (WR22) with 
internal dimension of 0.224" by 0.112" was used as the test fixture which covered the 
frequencies from 33 to 50 GHz. The second challenge is identification and fabrication of 
the suitable magnetic material having ferrimagnetic resonance (FMR) near 40GHz. An 
alternative approach of shifting the YIG's FMR to 40GHz requires a very high bias field 
over 10kOe. Hence, YIG is not a suitable material for Q band TNIM design.   
 
Scandium doped M-type Barium Ferrite for 40 GHz TNIM 
 
To design and develop Q band TNIM requires investigation and fabrication of ferrite 
materials in this frequency band.  The required magnetic material should have a full 
range of FMR tuning near 40GHz besides having narrow linewidth, which results in low 
magnetic loss in the negative permeability region. In addition, the ferrite material  should 
be self-biased so that small or no magnetic bias field is needed. 
 
We have identified the best suited ferrite materials for TNIM fabrication in the frequency 
range of 40±2 GHz. These materials are scandium doped M-type barium ferrites (BaFe12-

xScxO19,Sc-BaM). These materials can be processed with the magnetic anisotropy field 
(Ha) either in-plane or perpendicular to the film plane, whichever is suitable for the given 
application. For TNIM demonstration in a waveguide, the magnetic easy axis must align 
perpendicular to the rf magnetic field. For the given geometry, the easy axis of 
magnetization must lie in the plane of the  slab. For the case of Sc-BaM, the saturation 
magnetization is near 3kOe. In addition, the magnetic anisotropy can be readily varied 
from 6-12 kOe by adjusting the scandium doping level (the doping levels typically do not 
exceed 2%). For the design using ferrite slabs or films, we assumed Ha is 9.0 kOe and the 
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external field (Hext) was estimated at 3 kG. Using the FMR conditions we saw that a 
TNIM construct consisting of a wire grid and Sc-BaM slab had the center frequency near 
40 GHz. The static bandwidth was approximately 4 GHz (nearly 25% of the band). This 
static bandwidth is defined as the frequency band between the antiresonance and 
ferromagnetic resonance. This is not to be confused with the dynamic bandwidth defined 
with magnetic field tuning. Generally, single crystalline Sc-BaM has much smaller 
linewidth than the polycrystalline one. But it is expensive due to small market availability 
plus without self-biasing. We have fabricated Sc-BaM hexaferrite in both thin film and 
bulk form. The Sc-BaM was found to have inherent nondispersive high a dielectric 
constant around 12. The Sc-BaM materials have been characterized for structural, dc 
magnetic, and microwave properties including FMR frequency and linewidth. 
 
Design of Tunable Negative Index Metamaterial 
 
Firstly, due to the uneven field distribution on the transverse direction of the waveguide, 
the plasmon effect cannot be theoretically calculated by either Drude model or transfer 
function matrices theory. FEM simulations were mainly employed to design a simple and 
easy to fabricate copper wire patterns providing strong enough negative permittivity in 
the working frequency range. Secondly, the volume factor of Sc-BaM is critical for the 
TNIM composite and was carefully studied in simulations and experiments. Thirdly, 
from the result of simulations and experiments, a simplified asymmetrical TNIM 
structure was proposed according to the field distribution and the nonreciprocal nature of 
the biased ferrite material in waveguide, which only needed one Sc-BaM slab and made 
the composite easier to fabricate. Under this design, single crystalline Sc-BaM and 
partially self-biased polycrystalline Sc-BaM were both tested. In both cases, tunable 
passbands resulted from negative refractive index were achieved in experiments. Except 
linewidth specification, simulations using HFSS only treated bulk materials and could not 
differentiate between  single crystalline and polycrystalline magnetic materials since the 
software does not have detailed specifications such as  anisotropy field. So simulations 
can only provide qualitative instructions in terms of  magnetic material behaviors 
including plasmonic frequency, ferrimagnetic antiresonance,  magnetic loss, and the 
interaction between the ferrite slab and the wires.  
 
Effect of High Dielectric Permittivity of Hexaferrite on the Plasmonic Copper Wires 

We have investigated the plasmonic copper wires in the Q band waveguide under the 
influence of the dielectric effect of Sc-BaM. In the previous theoretical and experimental 
research on the NIM using magnetic materials, the mechanics of negative refractive index 
has been assumed similar to that of  the NIM structures made of split ring resonators 
(SRR) and wires, where periodic wires and SRRs perform independently when placed 
close to each other without destructive interaction. Either Drude model or transfer 
function matrices theory were widely adopted for calculating the effective permittivity, 
permeability and index of refraction.[5][6][7] However, one major difference is that 
SRRs are metallic while ferrite materials are highly dielectric with the real part of 
permittivity, ,  over 10. In the transmission lines, the rf electric field is concentrated in 
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the high dielectric region thereby resulting in considerable reduction in the electric field 
outside of the dielectric medium. Such distortion and weakening of the rf electric field 
available for wire medium puts a limit on the plasmonic response of the periodic wire 
array, which results in weak negative permittivity response.  Therefore, depending on the 
geometric arrangement of different elements of the metamaterial, the electrical field is 
distributed unevenly between different elements. The boundary conditions of  Drude 
model or the one dimensional approximation of transfer function matrices theory may not 
be valid.[2][4] Furthermore, biased magnetic materials in the transmission line usually 
reveal a nonreciprocal nature related to the direction of the bias field and the r-f field 
polarization.[5] These effects increase the difficulty in  understanding the complicated 
interactions of the magnetic material loaded metamaterial structures. Presently the 
behaviors of metamaterial structures where the magnetic material and metal wires sit side 
by side along the transverse direction are hard to study by available theoretical tools.  

By reducing the volume of the ferrite the positive dielectric effect ensuing from the ferrite 
can be reduced. However reduction in volume also reduces effective negative 
permeability of the ferrite. Besides, we have find that  there is a trade off of the desired 
negative permeability effect and the loss in the TNIM which is due to the volume fraction 
of the ferrite.  So the thickness of Sc-BaM slabs needs to be carefully chosen. On one 
hand, it needs to be small enough to keep the plasmonic effect of copper wires valid. On 
the other hand, as the volume decreases with thickness, the effective negative 
permeability bandwidth narrows and diminishes. Therefore, one way to address this 
problem is to strengthen the plasmonic response by increasing the effective carrier 
density.  

Symmetric TNIM Design and Simulation Results 

Figure 1 shows the top view of TNIM design having two rows of periodic copper wires 
and two thin Sc-BaM slabs. For a fixed geometric parameters of the Kapton substrate, 
copper wires and the Mylar spacer, several thicknesses of Sc-BaM slabs have been 
studied. The height of all elements is determined by the waveguide height of 0.112". Two 
rows of copper wires ensure strong enough plasmonic effect without increasing the 
complexity of the assembly. The two Sc-BaM/Kapton/Copper Wires units are identical 
making it a  “symmetric” structure. Due to the nonreciprocal nature of ferrite materials, 
the Sc-BaM slabs need to position at the left of the neighboring copper wires. So the 
directions of the magnetic bias field, the wave propagation, and copper wires to the 
neighboring Sc-BaM slab  noted as , form a chiral configuration as  shown in  the right 

of Fig. 1.  
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Figure 1. (Left)Top view of the symmetric TNIM composite in Q band rectangular 
waveguide(WR22). (Right) Chirality of the directions of the bias field, the wave 
propagation, and copper wires to a Sc-BaM slab. 

In the HFSS simulations, the material parameters of single crystalline Sc-BaM were used. 
The anisotropy field, ,was set to 9000Oe. The linewidth, , was 400Oe and the 

saturation of magnetization, , was 3300G. The approximate real part of frequency 

independent relative permittivity, , was 12. And the dielectric loss tangent, , was 

0.0002. Figure 2a shows the magnitudes of S-parameters of a 4mm long symmetric 
TNIM composite for the 0.2mm thick Sc-BaM slabs. A clear passband of |S21| with 
3GHz bandwidth and  -20dB peak is achieved. The difference between  |S12| to |S21| 
indicates that the TNIM composite is nonreciprocal.  

As we mentioned in the introduction, the thickness of the Sc-BaM slabs is critical. The 
passband disappears when the thickness is increased to 0.5mm.  The higher transmission 
outside of the desired NIM region shows that the plasmon behavior is destroyed. Only an 
FMR absorption peak of |S21| is observed in that case and the behavior of ferrite slabs 
dominates. On the other hand, when  the thickness of the ferrite slab was too small, we 
observed  that the passband at the higher frequency side of FMR will shrink and even 
diminish as shown in the right plot of Fig. 2b. In this case, ferrite effect  is too weak to 
result in considerable negative effective permeability of the composite.   
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Figure 2a. The simulated magnitude of reflection coefficient, |S11|, transmission 
coefficient, |S21|, and reverse transmission coefficient,|S12|, of a 4.0mm long symmetric 
TNIM composite with 0.2mm thick Sc-BaM slabs. 

 

 

 

 

 

 

Figure 2b. The simulated magnitude of reflection coefficient, |S11|, transmission 
coefficient, |S21|, and reverse transmission coefficient,|S12|, of a 4.0mm long symmetric 
TNIM composite with 0.5mm thick(left) and 0.1mm thick (right) Sc-BaM slabs. 

Asymmetric TNIM Design and Simulation Results 

Carefully analyzed wave propagation in the symmetric TNIM design indicated that the 
wave field was concentrated in the left Sc-BaM slab. The microwave almost did not 
interact with the right Sc-BaM slab. So we removed the right slab and made the 
asymmetric TNIM design in order to reduce the magnetic loss. The transmission of 
asymmetric TNIM, shown in Fig. 4a, indicates that the performance is unaffected by the 
removal of the right Sc-BaM slab. Since this asymmetric structure only uses one ferrite 
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slab, it is more preferred in experiments because of easier assembly and cost 
effectiveness.  

 

Figure 3. (Left)Top view of the asymmetric TNIM composite in Q band rectangular 
waveguide(WR22). 

 

Figure 4a. The simulated magnitude of reflection coefficient, |S11|, transmission 
coefficient, |S21|, and reverse transmission coefficient,|S12|, of a 4.0mm long asymmetric 
TNIM composite with 0.2mm thickness Sc-BaM slabs. 

In order to show the physics clearer, Fig. 4b shows the comparison of the |S21|s of the 
TNIM composite under biasing, under zero biasing and of the Sc-BaM slab only by 
removing the copper wires. The green curve of zero bias field shows classic plasmonic 
wires' behavior. The absorption peak of the red curve shows the FMR frequency of the  
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Sc-BaM slab clearly. And the passband of the blue curve reveals the combined effect of 
the plasmonic effect and the FMR. The blue curve keeps plasmonic wires' behavior at the 
two sides of the passband, which agrees with theoretical prediction of the TNIM 
composite.  One may notice that the passband starts at the lower frequency side of FMR, 
where the real part of the ferrite’s permeability should be positive. This may raise the 
question of the refractive index in that region. The higher transmission can be intuitively 
understood as a result of better impedance match. However, another possible reason can 
be the negative refractive index resulted from the highly lossy permeability. Since 

, when , we can also get 

. [6][7] 

 

Figure 4b. The simulated magnitude of transmission coefficient, |S21|, of the asymmetric 
TNIM composite under 4.0kG bias field, zero bias field and of the Sc-BaM slab only.  

Experimental Results of TNIM Fabricated using  Single Crystal Sc-BaM 

We have adopted the asymmetric TNIM design for the fabrication. We studied  two 
different thicknesses of single crystal Sc-BaM slabs while keeping the periodic array 
copper wires invariable. Figure 5 shows the transmission results of  0.9mm thick slab. A 
tunable passband with bandwidth of 3GHz and peak -20dB insertion loss is achieved. Fig. 
6 shows the results of 0.2mm thick slab of Sc-BaM. The inset of Fig.6 shows the negative 
refractive index region corresponding to the material FMR and antiresonance frequencies 
analysis. For instance, for the blue line of the 5.5kG bias field in Fig. 6, the valley-bottom 
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near 40.5 indicates the FMR and the one near 45GHz indicates the antiresonance. The 
tunable passband of -35dB under each bias field is around 1GHz wide, which is much 
smaller compared to that in Fig. 5. The reason for the discrepancy is the  smaller volume 
of the ferrite material which causes narrow negative region of the effective permeability. 
The black curve is the |S21| of the copper wires only by removing the Sc-BaM slab for 
comparison.   

 

Figure 5. The magnitude of transmission coefficient, |S21|, under bias fields of 5.0kG, 
5.5kG and 6.0kG of a 6.0mm long asymmetric TNIM composite with one 0.9mm 
thickness single crystal Sc-BaM slab. The black curve is the |S21| of the copper wires 
only by removing the Sc-BaM slab for comparison.   
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Figure 6. The magnitude of transmission coefficient, |S21|, under bias fields of 5.0kG, 
5.5kG and 6.0kG of a 6.0mm long asymmetric TNIM composite with one 0.2mm 
thickness single crystal Sc-BaM slab in Q band waveguide The black curve is the |S21| of 
the copper wires only by removing the Sc-BaM slab for comparison.  
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Figure 7. The phase shift(dot) and transmission(triangle) at 40GHz under a bias field 
from 5.0kG to 6.0kG of the TNIM composite using one 0.9mm thick single crystalline 
Sc-BaM slab.   

In the previous DARPA supported, we have demonstrated phase shifter prototype using 
the K band NIM composite. Here we also present the phase shift performance in Fig. 7 
for the 40GHz TNIM using Sc-BaM. At 40GHz, the insertion phase shifted 300o with a 
1.0kG field variation. The transmission varied from -20dB to -26dB. 

Experiment Results of TNIM Fabricated using Partially Self-biased Polycrystalline Sc-
BaM 

To shift the FMR of single crystal Sc-BaM to 40GHz, large magnetic bias field is needed 
as revealed from the results shown in Fig. 6. Generation of large magnetic bias field 
requires  heavy and large magnet which limits potential applications of the TNIM to 
microwave devices. Therefore, we have developed a partially self-biased Sc-BaM to 
reduce the required bias field. In Fig. 8, the transmission of an asymmetric TNIM 
composite using a 0.9mm thick self-biased polycrystalline Sc-BaM slab. A full range of 
field tuning of the passband is achieved. The highest transmission is around -32dB.  For 
the passband near 41GHz (cyan line)  a bias field of 4.5kOe was needed.  
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Figure 8. The magnitude of transmission coefficient, |S21|, under bias fields from 3.0kG 
to 5.5kG of a 6.0mm long asymmetric TNIM composite with one 0.9mm thickness 
polycrystalline self-biased Sc-BaM slab. 

TNIM Microstrip Phase Shifter operating between 6-12GHz.  
 
Phase shifters are critical elements in several electronically tuned microwave systems in 
defense, space and commercial communications applications. Excessive cost and weight 
of the phase shifters has limited the deployment of electronically scanned antennas. 
While digital diode based phase shifters may withstand high power of the order of a few 
tens of watts, by virtue of their nature, the accuracy in phase shift is limited.  Hence there 
is significant demand in the microwave industry for affordable, light weight, high power 
phase shifters. A phase shifter in the microstrip configuration can be easily incorporated 
in to the planer RF circuit boards of the back end electronics of the phased array antenna 
systems. We have designed and fabricated a microstrip TNIM phase shifter operating in 
the X band using YIG ferrite.  
 
As shown in Fig. 9 the microstrip phase shifter is designed using , three rows of  periodic 
copper wires etched on Kapton substrates sandwiched by three polycrystalline YIG slabs. 
Two Mylar pieces act as spacers. The thicknesses of  YIG slabs, Kapton substrates and 
Mylar spacers are 0.60mm, 0.15mm and 0.25mm respectively.  The copper wires have 
area of cross-sections of 0.025 X0.3mm2.  The length of the wires  is 1.5mm, which is 
also the vertical distance between the microstrip and the ground plane of the microstrip 
line. In HFSS simulation, the 12mm long TNIM composite is mounted at the center of a 
4.0cm long microstrip line and a bias field is applied along the length of the copper wires. 
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In the left of Fig. 10, the transmission coefficient |S21| of the TNIM composite under a 
bias field of 2.5kOe is illustrated. A clear 1GHz wide passband is obtained near 9GHz for 
the TNIM composite. To conform the response of negative index medium, we have 
carried out careful simulations transmission in  YIG slabs by removing the copper wires 
from the TNIM composite and  periodic copper wires by applying zero bias field to the 
YIG.  The downward peak of the |S21| of YIG indicates the frequency of Ferrimagnetic 
Resonance (FMR). The decaying transmission in low frequency side of Cu wires agrees 
with the theoretical plasmonic behavior. Since the real part of the permeability of 
magnetic material goes negative at the high frequency side of the FMR, the passband in 
the highlighted region (Fig. 10) is an clear indication of negative index region. The high 
transmission of TNIM composite at the low frequency side of the FMR mainly comes 
from the rapid change in the real and imaginary parts of YIG’s permeability, which in 
combination of the complex permittivity of the copper wires results in a good impedance 
match. The sharp dip near 10GHz is due to the antiferrimagnetic resonance of the YIG 
material. We can tune the passband in wide range of frequency by changing the bias field 
as shown in the right plot of Fig. 2.  The field tuning factor of the passband is around 
3GHz/kOe.  
 
Experimental Results 
 
In experiments, we have used polycrystalline YIG slabs( )  sliced from bulk 
material using diamond saw. The polycrystalline YIG has a magnetic saturation of 
1750Gauss and a linewidth of 50Oe. Compared with single crystalline high quality YIG 
films with a linewidth usually less than 0.5Oe, the polycrystalline YIG material is  more 
lossy in terms of absorption near FMR. But it has a wider frequency region between FMR 
and antiferrimagnetic resonance, where the real part of permeability stays negative which 
helps achieve broader passband and negative index region.  Periodic array copper wires  
on Kapton ( ) substrate is fabricated by wet etching lithography using DupontTM 
copper clad on Kapton sheets. Mylar( ) spacers are cut out from Mylar sheets. 
The YIG, copper wire array on Mylar spacer are assembled together using Crazy Glue 
( ). In assembling, we ensured that all the copper wires made good contact with 
the bottom ground plane and the top  microstrip in order to achieve the plasmonic effect.  
 
In the left plot of Fig. 11, under the application of 3.4kOe bias field, a field tunable pass 
band with a maximum transmission at -10dB was achieved from 8 to 9 GHz. The first 
downward peak of |S21| near 7.5GHz corresponds to the Ferrimagnetic resonance and the 
second one near 9.5GHz corresponds to the antiresonance of the YIG material. The loss 
can be further improved by matching impedance and by using a shorter transmission line 
since the empty microstrip line itself has a -5dB loss. The phase jump near 7.8GHz and 
the change of its slope indicate the occurrence  of negative refractive index,. The field 
tunability is demonstrated as shown in the right panel of  Fig. 11.  As can be seen a 
dynamic bandwidth nearly  3.5 GHz is obtained.  
 
 
 

 16



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.(Left) The screenshot of a TNIM composite in microstrip line in HFSS 
simulation. (Right) The schematic top view of the TNIM composite and the side view of 
periodic copper wires. Geometric parameters stay consistent for both simulation and 
experiment. 
 
  

 
 
Figure 10. (Left) Magnitude of transmission coefficients of the TNIM composite, YIG 
slabs(by removing the Cu wires from the TNIM composite) and Cu wires patterns(by 
removing  bias field). The bias field for TNIM composite and YIG slabs is 2.5kOe. 
(Right) Field tuning of the passband of the TNIM composite. 
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Figure 11. (Left)The measured magnitude and phase of the transmission coefficient S21 
of the 12mm long TNIM composite in a 4.5cm long microstrip line when applying a 
3.4kG bias field.  (Right) Measured field tuning of the passband of the TNIM composite. 
 
In Fig. 2, the microstrip NIM phase shifter performance is demonstrated at 8.7GHz. The 
insertion phase shifts from -100o to 60o while changing the external field from 3.0kG to 
4.0kG. Especially between 3.2 to 3.6kG, the insertion phase shifts from -100o  to -20o 
while the transmission/insertion loss keeps above -15dB.  

 

Figure 12. The phase shift (dot) and transmission(triangle) of the TNIM microstrip at 
8.7GHz under a bias field from 3.0 to 4.0kG.   
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